We demonstrate the use of a rotating off-axis optical phase singularity, generated through an intentional misalignment of a high optical efficiency spiral phase plate (SPP), to optically steer both high and low index microparticles trapped within the optical beam in a controlled manner. This intentional misalignment of the SPP creates an asymmetrical intensity beam pattern due to the optical vortex being displaced from the centre of the beam propagation axis. By using this optical beam pattern, we propose that a cell can be trapped by an optical beam of matching beam diameter while its internal structure can be manipulated by the off-axis optical vortex.
Introduction
A singular optical beam possesses a helical phase wavefront, which contains an azimuthal phase term of the form e ilθ (l is an integer). The resulting behaviour of the Poynting vector means the beam possesses a uniform orbital angular momentum that can be observed through its mechanical torque on a variety of microparticles [1, 2] . The beam centre where the phase is ill-defined appears dark. Thus such singular optical beams exhibit an intensity pattern of the form of an annular ring that can trap [3, 4] and stack high index microparticles around their annular intensity rings [5] and low index microparticles within the annular intensity ring. Furthermore, by collinearly interfering such a singular beam with either its mirror image or a Gaussian beam one can create a pattern of rotating intensity spots that can trap and stack microparticles and further rotate them in a controlled manner [6, 7] . At present, optical trapping 3 Author to whom any correspondence should be addressed. work using singular beams employs beams such as LaguerreGaussian (LG) light modes [2] and high-order Bessel light modes [1] that have on-axis optical singularities. Such light modes may allow rotation of micro-objects by transfer of orbital angular momentum, by a variety of mechanisms [1, 2] . These new mechanical effects derived from singular optical beams offer an additional degree of freedom with respect to existing optical micromanipulation techniques. On the other hand, studies of an off-axis optical vortex embedded within a Gaussian background intensity distribution have focused on the exhibition of fluid-like vortex motion [8] . More recently, the rotational Doppler effect (RDE) was demonstrated using a rotating prism to rotate the intensity distribution of a Gaussian beam with a single embedded vortex offset from the beam axis [9] . It is therefore well-known that displacing the optical vortex beam away from the beam axis forms a unique asymmetrical beam pattern due to the diffraction. In this paper, we demonstrate the use of this unique beam pattern of the off-axis vortex to trap and rotate both high and low index particle using the high and low intensity regions of the optical beam pattern respectively. A highly efficient spiral phase plate (SPP) is inserted into a standard optical trapping system. The SPP is then intentionally misaligned in a direction orthogonal to the beam propagation direction. This allows for an efficient formation of a stable asymmetrical optical light pattern which is an off-axis vortex beam. We show that, by rotating this highly efficient SPP around the beam axis, rotating off-axis optical vortex beams are formed. Such optical beams are subsequently used for optical rotation and steering of both high and low index particles.
Generation of an off-axis optical vortex from a spiral phase plate
The spiral phase plate is generated by electron beam lithography (EBL) direct writing on SU8 negative resist [10] . The spiral phase structure is directly based on the mathematical expression of a helical wavefront of e ilφ [11] [12] [13] [14] . By varying the e-beam energy dosages at different parts of the circular area, an SPP is fabricated. An on-axis optical vortex is formed at the centre of the beam axis when the illuminating beam is directed at the central axis of the SPP. The SPP induces a helical 2π phase retardation step around the central axis of the input optical beam, thus changing the phase of the input optical beam. This change of phase causes a formation of an optical vortex at the central axis of the optical beam [10] . It is important to note that the output helical beam from an SPP is not a pure Laguerre-Gaussian mode but rather a superposition of different Laguerre-Gaussian modes [12] .
To mathematically understand this process, we choose a complex Gaussian amplitude as the input beam propagating through the SPP. This is consistent with our experiment in the later section as we make use of a TEM 00 mode beam as the input optical beam. By inserting the phase element along the propagation axis of the optical beam with complex Gaussian amplitude, the output optical beam will consist of the complex Gaussian amplitude multiplied by the helical phase term of the form of e ilφ . The amplitude of the light field may then be expressed in cylindrical coordinates as
where r = x 2 + y 2 , φ = arctan(
), l is the number of cycles of 2π phase around the optical beam circumference, k is the wavenumber and w(z) is the radius of the beam waist at the propagation distance z, z R is the Rayleigh range.
Therefore by displacing the SPP orthogonally to the input optical beam propagation direction, a localized 2π phase retardation can be generated at different portions of the beam thus forming an off-axis optical vortex. By introducing an intentional transverse misalignment of the SPP with the illumination optical beam, we are in fact displacing the helical phase function about the beam axis, thus shifting the vortex point as shown in figure 1. The mathematical expression of an off-axis optical vortex beam may be modified from equation (1) which is then given by
where
), where y and x are the displacement of the optical vortex away from the beam central axis as shown in figure 1 .
It is important to note that the displacement of the optical vortex about the Gaussian beam waist of w(z), radius of the beam waist at the propagation distance z, critically defines the far-field diffracted intensity pattern observed at Rayleigh's range of z R . Using the scalar diffraction theory, we numerically calculate the intensity distribution of the optical vortex, generated from the SPP, that is transversely displaced greater or lower than w(z) away from the beam central axis, as described in equation (2) and shown in figure 2. In the simulation, we place the SPP at a propagation distance z = 0; the output off-axis optical vortex is then propagated to the farfield diffraction distance.
Hence, in figure 2(A), we show that once the optical vortex, generated from an SPP, is being displaced a transverse distance greater than half of the incident optical beam waist, w(z), at a propagation distance z = 0, where y
, the far-field intensity distribution will resemble the interference pattern of an LG beam with topological charge one and a Gaussian beam. Therefore, in this case, the intensity variation around the annular ring deviates more than 50% so the optical vortex intensity distribution is no longer maintained, as shown in figure 2(B) .
On the other hand, in figure 2(C), it is demonstrated in simulation that once the optical vortex, generated from an SPP, is displaced a transverse distance less than half of the incident optical beam waist, w(z), at a propagation distance z = 0, where y
, the optical vortex integrity is still maintained within the optical beam and we obtain a circular beam with an off-axis enclosed intensity null. Hence the intensity variation around the annular ring deviates less than 50%, as shown in figure 2(D). , the rotating intensity of a C shape is being generated. (B) By displacing the optical singularity a distance smaller than
, the optical vortex integrity is still present in the beam.The online edition (stacks.iop.org/JOptA/7/1) includes a real-time video of the manipulation of the off-axis optical vortex within a Gaussian beam at the sample plane. Now if we induce this misalignment and then rotate the SPP around the Gaussian beam propagation direction, we are either creating a rotating optical vortex off-centre from the beam axis [15] , shown experimentally in figure 3(A) , or an asymmetrical intensity pattern that resembles an interference pattern of an LG with charge one and a Gaussian beam [9] , Figure 4 . In the set-up, a 30 mW linearly polarized HeNe laser with a low Gaussian beam divergence angle is collimated into the 100× microscopic objective of NA 1.25 for trapping using the telescopic arrangement using lenses L1 and L2. The SPP, of 500 µm in diameter, is inserted in between the pair of lenses L1 and L2, and is mounted on a rotating x-y-z stage.
shown experimentally in figure 3 (B), in this instance in a more straightforward manner than previously realized [6] . It is these asymmetric intensity patterns that are subsequently used to trap and rotate high and low index microspheres respectively.
Blazed computer-generated holograms (CGH) are typically the method of choice when creating singular optical beams for optical trapping [1] [2] [3] [4] ; however, they generate light modes in their first diffracted order thus causing a deviation in the beam propagation path. The key advantages of using the micron-sized SPP to generate an optical vortex beam are that they are more efficient, induce no beam deviation and are compact enough to be inserted and removed from the beam path in an optical tweezers set-up with little or no loss of alignment [10] . The efficiency of the fabricated SPP used was around 95%. This high optical efficiency exceeds that of other methods of obtaining similar optical traps such as binary holograms of around 40% optical efficiency, a 70% optical efficiency for a blazed hologram or a spatial light modulator of optical efficiency 50% or introducing an aperture within the beam to create an asymmetric profile with an optical efficiency of only 40% [16] . In the next section, we discuss experimental results obtained using our SPP generated asymmetrical optical beam patterns in optical tweezers. Furthermore, we propose that this method may be exploited to optically manipulate intracellular structures.
Optical rotation of high and low index particle off-axis optical vortex
In the figure 4, the experimental set-up is presented, where the SPP, with a helical phase step of 2π where l = 1, is mounted onto a rotating translation (x-y-z) stage, in the propagation path of the 30 mW linearly polarized HeNe laser of 632.8 nm. The resultant beam is subsequently directed into the epi-fluorescence port of the upright microscope (Carl Zeiss Axiostar plus) and focused with a ×100 microscope objective to a waist size of around 5 µm within a sample chamber within which we dispersed a range of microparticles in water.
The optical trapping of high and low index microparticles occurs by different mechanisms. The term 'high index' denotes an index of refraction of the microparticles higher than that of the surrounding medium and 'low index' lower than that of the surrounding medium. In order for a high index particle to Figure 5 . Three calcite particles of size 3-5 µm are being trapped at two different orientations of a C-shaped intensity pattern ( figure 3(A) ) due to the off-axis optical vortex, in frames 1 and 3. Frames 2 and 4 show the corresponding calcite particles being trapped in the intensity pattern. The black and white arrows mark the opening at the C-shape intensity corresponding to the arrangement of the trapped calcite.
be stably trapped in three dimensions, the net optical gradient forces and scattering forces have to be balanced. However, for low index microparticles, the refracted light results in optical forces that repel microparticles away from the most intense part of the light beam. In order for a low index microparticle to be stably held, the net repelling optical forces may cage the microparticles at an intensity minimum [3] . Hence, an optical vortex beam with an annular intensity ring is utilized to trap these low index microparticles at its null intensity point at the beam centre [3, 4] . We show controlled rotation and steering of both high and low index particles utilizing the two sets of asymmetrical intensity pattern shown in figures 3(A) and (B) .
First, to validate the asymmetrical intensity distribution due to the off-axis optical vortex hosted within the Gaussian beam, we managed to trap three irregularly shaped calcite particles of around 3-5 µm in size, at two different positions of the off-axis optical vortex beam, as shown in figure 5 . As expected, this amalgamation of particles follows the imposed and rotated intensity distribution. In this case, the SPP is being displaced at more the half the beam waist from its central symmetrical position, away from the beam's central axis as in figure 3(A) . In figure 6 (A), a single high index silica microsphere is rotated around the beam axis, as indicated by the cross. The rotation of the sphere is clockwise, identical to the rotation direction of the asymmetrical intensity pattern as shown in figure 3(A) .
We then adjusted the SPP to yield a light beam as in figure 3(B) . Using this pattern, a single hollow sphere microsphere is trapped and rotated around the beam axis as indicated by the cross (see figure 6(B) ). This rotation is due to the rotating optical vortex around the beam axis. This is the first controlled low index particle rotation by a rotational asymmetrical beam profile (rotating null intensity point) to the best of our knowledge.
A key advantage in manipulating particles around the beam axis is the ability to manipulate particles within a cellular structure. After trapping a large cellular structure using an optical beam of matching beam waist, we may manipulate the internal structure of the cell by simply displacing the vortex position with respect to the beam axis and subsequently rotating the SPP. Displacing the optical vortex from the beam axis may allow a relative strong trapping of the cell whilst at the same time optically steering the internal cellular structure.
In figure 7 , we show a pseudo-cellular structure where a vesicle is filled with a mixture of small microspheres beside a Gaussian beam of matching beam diameter of around 10 µm in diameter. By employing the intensity pattern from the offaxis optical vortex shown in figure 3(B) , the vesicle can be easily rotated around its own axis in a controlled clockwise direction. This rotation is due to the manipulation of the high and low index microspheres within the vesicle. This optical rotation is occurring while the vesicle is being trapped by the annular intensity optical beam imposed by the intensity pattern shown in figure 3(B) . However, in the experimental result, we observed that the rotating high and low microparticles in the pseudo-cellular structure also caused the entire cellular structure to rotate as well. This is believed to be due to the strong adhesive force that the internal microspheres have on the surface of the wall of the pseudo-cellular structure. This therefore shows that rotating the off-axis optical vortex around from the beam axis allows the microparticle to overcome the drag force given by Stokes law,
where η is the viscosity of the surroundings, r is the radius of the particle and w is the angular velocity of the particle due to the rotating off-axis optical vortex trap. These experimental results demonstrate that by steering the position of the optical vortex within a Gaussian beam, by displacement of the SPP in the optical trapping beam path, both high and low index microparticles can be steered or potentially rotated even within a vesicle.
Conclusion
In conclusion, we have explored off-axis optical vortex beams as candidates for optical steering and rotation of microparticles. By displacing an SPP we can create beams that can controllably rotate both high and low index particles. We were able to demonstrate for the first time controlled optical rotation of low-index microparticles around the trapping beam axis.
We note that we did not investigate the orbital angular momentum from the inclined wavefront in the off-axis optical vortex beam [17, 18] due to the fact that the available laser power was low and particle rotation due to scattering of light was observed to be too slow and inconclusive. However, future studies on the orbital angular momentum of the light with respect to the vortex position within the beam will be dealt with in detail with a higher power laser.
Our experiment shows the simplicity and versatility of a single SPP incorporated into an optical trapping system. It allows a wide range of optical manipulation to be performed, particularly the controlled rotation of a low-index particle [1, 6] around the beam axis.
